Background and objectives: Elevated serum calcium has been associated with increased mortality in dialysis patients, but it is unclear whether the same is true in non-dialysis-dependent (NDD) chronic kidney disease (CKD). Outcomes associated with low serum calcium are also not well-characterized.
M ineral and bone disorders in chronic kidney disease (CKD) (1) have emerged as novel mortality risk factors in dialysis patients (2) (3) (4) (5) (6) (7) (8) . Some of these abnormalities (such as serum phosphorus and parathyroid hormone (PTH) levels) have also been implicated in similar ways in patients with non-dialysis-dependent (NDD) CKD (9 -12) . Serum calcium's effect on outcomes has been the focus of attention mainly in dialysis patients, where calcium metabolism is significantly distorted (13) (14) (15) (16) (17) (18) (19) . The use of calcium-containing phosphate binders further complicates the picture because these medications could be involved in the etiology of vascular calcification (20, 21) , and their roles as therapeutic agents have been intensely debated (22) . Supporting the potential role for calcium in cardiovascular disease were epidemiologic studies showing an association between higher calcium and increased mortality (2) (3) (4) (5) (6) (7) (8) . Some of the same studies have also suggested that extremely low calcium levels may themselves be deleterious (2, 3) , which has ultimately resulted in recommendations to attain a low-normal serum calcium level in dialysis patients (23) . Studies examining the role of calcium in NDD CKD patients are fewer and failed to unequivocally show an association between abnormal calcium levels and vascular calcification (24 -27) . No study has yet examined the association of calcium levels with mortality in NDD CKD.
We examined the association of serum calcium levels with all-cause mortality in a large number of male US veterans with moderate and advanced NDD CKD at a single medical institution.
Materials and Methods

Study Population and Data Collection
We studied all 1259 patients evaluated for NDD CKD at Salem Veterans Affairs Medical Center (VAMC) between January 1, 1990, and June 30, 2007, and followed them until April 1, 2009 . Ten women and six patients whose race was other than white or black were excluded, with the final study population consisting of 1243 patients.
Baseline characteristics recorded at the time of the initial evaluation in the nephrology clinic were extracted retrospectively, including demographic and anthropometric characteristics, comorbid conditions, including the Charlson Comorbidity Index (CCI), and laboratory results, as detailed elsewhere (28, 29) . Follow-up clinical and laboratory data recorded during outpatient encounters over the entire follow-up period were also extracted and used in time-varying analyses. All calcium levels were corrected for serum albumin levels. Medication use, including that of angiotensin-converting enzyme inhibitors or angiotensin receptor blockers, statins, calcium-containing phosphate binders, sevelamer hydrochloride, and calcitriol, was also assessed over the entire follow-up period. GFR was estimated using the abbreviated equation developed for the Modification of Diet in Renal Disease Study (30) and was categorized according to the staging system introduced by the Kidney/Dialysis Outcome Quality Initiative Clinical Practice Guidelines for CKD: Evaluation, Classification, and Stratification (31) . All of the biochemical measurements were performed in a single laboratory at the Salem VAMC.
Statistical Analyses
Missing data points for CCI (1%), body mass index (14%), serum albumin (1%), phosphorus (2%), alkaline phosphatase (ALP; 9%), blood cholesterol (2% missing), hemoglobin (0.3%), white blood cell (WBC) count (0.9%), percent lymphocytes in WBC (1%), and 24-hour urine protein (3%) were imputed using multiple imputations. Sixty five percent of patients had one or more serum PTH measurements performed sometime during follow-up, but only 35% had these measured at baseline. Models were adjusted for PTH in sensitivity analyses by categorizing this variable into quartiles and adding missing values as a fifth dummy category. Smoking (5% missing) was also analyzed as a categorical variable with the creation of a dummy category corresponding to missing status. To assess both the short-term and the long-term effects of abnormal serum calcium levels, we used the baseline, timevarying, and time-averaged values in our analyses. Baseline models were assessed because of their practical relevance, because risk stratification is easiest to perform on the basis of single baseline values. However, because of potential misclassification by baseline values in a dynamically changing cohort, we also applied two different types of analyses using time-updated values of serum calcium. Time-varying analyses assess outcomes associated with the last observed value of serum calcium; hence, such models were used to assess the short-term impact of abnormal serum calcium levels. Conversely, because calcium may also have long-term deleterious effects where exposure to abnormal levels over prolonged periods of time may have additive effects, Data without parentheses are presented as mean Ϯ SD. Comparisons were made by 2 test for linear trend. DM, diabetes mellitus; ASCVD, atherosclerotic cardiovascular disease; CCI, Charlson Comorbidity Index; ACEI/ARB, angiotensinconverting enzyme inhibitor/angiotensin receptor blocker; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; GFR, glomerular filtration rate; ALP, alkaline phosphatase.
we also assessed associations with time-averaged serum calcium levels, which incorporate time-weighted average serum calcium levels derived from all serum calcium measurements done over the entire follow-up period for each patient (32) . Multivariable models of timevarying and time-averaged calcium were adjusted for time-varying and time-averaged covariates (if appropriate).
Outcome Analysis. The starting time for outcome analyses was the date of the first encounter in the nephrology clinic. Patients were considered lost to follow-up if no contact was documented with them for more than 6 months, and they were censored at the date of the last documented contact. The primary outcome measure was overall (predialysis and postdialysis) all-cause mortality, which was ascertained from VA electronic records.
The associations of baseline, time-varying, and time-averaged serum calcium levels with mortality were evaluated in Cox models. Selection of variables to be included in the final multivariable models was done by determining probable confounders (33) on the basis of baseline characteristics and on theoretical considerations. To account for the different time periods when patients were enrolled in the study, multivariable models were also adjusted for a dummy variable corresponding to the enrollment period (1990 to 1995, 1996 to 2000, or after 2000). Final models were adjusted for age, race, CCI, diabetes mellitus, cardiovascular disease (CVD), BP, body mass index, smoking status, the use of calcium-containing phosphate binders, sevelamer hydrochloride and calcitriol, enrollment period, estimated GFR, bicarbonate, phosphorus, ALP, blood hemoglobin, WBC count, percentage of lymphocytes, and 24-hour urine protein. Nonlinearity of associations was tested by including polynomial terms, by categorizing serum calcium by quartiles, and by using restricted cubic splines; spline analyses were restricted to values above the first and below the 99th percentile of the predictor variable to increase the stability of the spline models. Nonlinear associations for independent covariates were also addressed by including polynomial terms in multivariable models, if appropriate.
Interactions in mortality analyses were assessed by including interaction terms with age, race, estimated GFR, presence or absence of diabetes mellitus and CVD, and the use or nonuse of calcium-containing phosphate binders and calcitriol, with subsequent subgroup analyses if these terms were statistically significant. Sensitivity analyses were performed by examining the composite outcomes of predialysis mortality or ESRD (defined as initiation of maintenance dialysis therapy and ascertained from local hospital records, including Medicare Forms 2728), by adjusting the multivariable models for PTH, by using only nonimputed values of independent variables, and by restricting analyses to a more contemporary cohort of patients enrolled after January 1, 2001. Proportionality of non-time-varying models was tested by using Schoenfeld residuals. P values less than 0.05 were considered significant. Statistical analyses were performed using STATA statistical software version 10 (STATA Corporation, College Station, TX). The study protocol was approved by the Research and Development Committee at the Salem VAMC.
Results
The mean (ϮSD) age of the cohort was 68 Ϯ 11 years; 24% of patients were black and the mean estimated GFR was 37 Ϯ 17 ml/min per 1.73 m 2 . Most patients had CKD stages 3 (57%) and 4 (30%), with few patients categorized as CKD stages 1 (2%), 2 (8%), and 5 (4%). The mean (ϮSD) baseline and time-averaged corrected serum calcium were 9.4 Ϯ 0.5 mg/dl and 9.2 Ϯ 1.3 mg/dl. Patients had a median of 18 calcium measurements performed during follow-up (interquartile range: 10 to 32). Seven hundred and fifty-two patients (61%) were enrolled in the study after January 1, 2001. A total of 698 patients died (mortality rate: 123 per 1000 patient-years, 95% confidence interval (CI): 114 to 132), and 778 patients reached the composite outcome (161 per 1000 patient-years, 95% CI: 150 to 172) during a median follow-up of 3.2 years. Forty-five patients (4%) were lost to follow-up; their characteristics were not significantly different (data not shown).
Baseline characteristics in patients divided by quartiles of calcium are shown in Table 1 . Patients with higher calcium were younger, more likely to be black, more likely to use statins, less likely to use calcium-based phosphate binders and calcitriol, had higher estimated GFR, bicarbonate, hemoglobin and WBC count, and had lower systolic BP.
The mortality associated with calcium levels varied according to the statistical models applied. Baseline calcium levels showed a significant association with higher mortality (Figure 1 and Table 2 ). This association was linear and without a visible threshold level for the increased risk, with calcium 1 mg/dl higher being associated with a multivariable adjusted hazard ratio (95% CI) of 1.31 (1.13, 1.53); P Ͻ 0.001. There was a significant interaction according to prevalent CVD status (P ϭ 0.004 for the interaction term with mortality); baseline calcium levels showed no association with mortality in patients without CVD (hazard ratio (95% CI): 1.00 (0.77, 1.29); P ϭ 0.9) and a significant association in those with CVD (hazard ratio (95% CI): 1.58 (1.29, 1.94); P Ͻ 0.001).
The associations of time-averaged calcium with mortality were significant but nonlinear (P ϭ 0.004 for the joint significance of the polynomial terms), with higher adjusted hazards for mortality seen especially with increased serum calcium levels; the risk of mortality appeared to increase at serum calcium levels above approximately 9.5 mg/dl ( Figure 2 and Table 3 ). Compared with the group with time-averaged serum calcium levels of 9.1 to 9.4 mg/dl, those with levels of Ͻ9.1, 9.41 to 9.7, and Ͼ9.7 mg/dl had adjusted hazard ratios (95% CI) of mortality of 1.32 (1.06, 1.64), 1.18 (0.96, 1.45), and 1.42 (1.13, 1.78), respectively (Table 3 ). There were no significant interactions.
Time-varying calcium also showed a nonlinear association with mortality ( Figure 3 ; P ϭ 0.03 for the joint significance of the polynomial terms), with only the lower levels of calcium showing a trend toward higher mortality: the risk of mortality appeared to increase at serum calcium levels below approximately 10 mg/dl. Compared with the group with time-varying calcium of 9.41 to 9.7 mg/dl, those with levels of Ͻ9.1, 9.1 to 9.4, and Ͼ9.7 mg/dl had adjusted hazard ratios (95% CI) of mortality of 1.21 (0.97, 1.51), 1.07 (0.85, 1.36), and 1.06 (0.85, 1.33), respectively ( Table 4 ). The mortality risk associated with lower calcium was more pronounced in patients with estimated GFR Ͼ30 ml/min per 1.73 m 2 (P ϭ 0.006 for the interaction term) and in patients who did not receive calcium-containing phosphate binders (P ϭ 0.048 for the interaction term).
The associations with the composite outcome were similar to those with mortality (data not shown). The results did not change substantially in sensitivity analyses when the models were adjusted for PTH or for unimputed variables, or when the associations were examined in a more contemporary cohort enrolled after January 1, 2001 (data not shown).
Discussion
We examined associations between calcium levels and allcause mortality in a large group of men with moderate and advanced NDD CKD. We found that in models that examined long-term average exposure to calcium (baseline fixed-covariate and time-averaged models), higher calcium was associated with increased mortality. Conversely, in time-varying models that associated outcomes with the last observed values of the dependent variable, lower calcium levels were associated with higher mortality. These findings underscore calcium's complex pathophysiologic role in humans, which varies from that of a rapidly fluctuating intracellular messenger to that of a stable component of skeletal structure (13) . Calcium stabilizes the membranes of excitable cells; thus, lower serum calcium can increase neuromuscular excitability (34) , which may explain why lower calcium levels in our time-varying models could have been associated with higher short-term death rates, possibly through a higher incidence of cardiac arrhythmias. Calcium homeostasis is significantly altered in CKD: lower intestinal absorption due to decreased 1,25(OH) 2 vitamin D or increased intestinal absorption in those treated with active vitamin D (14) , decreased incorporation in the bones or increased release from the bones in those with abnormally low or high PTH levels, (35, 36) , and the decreased renal excretion of calcium, combined with unregulated calcium exchange through dialysis membranes all contribute to a distorted homeostasis in CKD, and especially in . On the basis of these considerations, it has been postulated that elevated calcium may play an integral role in engendering cardiovascular calcification in uremic patients (37, 38) . Such a mechanism of action could be a possible explanation for the increased mortality associated with higher time-averaged calcium levels in our study, because it appears more likely that prolonged exposure to higher serum calcium levels would be more likely to promote vascular calcification. Epidemiologic studies in dialysis patients indeed found significant associations between higher calcium, cardiovascular calcification, and mortality (2,3,5-8).
Similar studies in NDD CKD only examined cardiovascular calcification, finding equivocal associations with calcium levels (24 -27) . This may have been because of a true lack of association because of the lesser degree by which serum calcium levels are affected in NDD CKD (39) and/or a shorter exposure to abnormal calcium levels or, alternatively, because of an inability to detect significant calcification because of the small size and select nature of the studied populations. Ours is, to our knowledge, the first study to examine mortality associated with abnormal calcium levels in NDD CKD patients, and our findings suggest that lower calcium levels can have short-term deleterious effects, but abnormally high calcium levels can also be harmful over a longer period of time. The complex nature of these associations was also emphasized by our finding of significant interactions with several covariates. Higher baseline calcium levels' association with mortality was restricted to patients with prevalent CVD, suggesting that the effect of longterm exposure to higher calcium may be modified by a propensity for cardiovascular calcification. Conversely, the association of lower calcium with mortality in time-varying models showed separate interactions with the intake of calcium-containing phosphate binders and with estimated GFR, but the latter was affected by the fact that virtually no patients with CKD stage 3 were receiving binders (data not shown). The fact that lower calcium levels' association with increased mortality was not present in the subgroup receiving calcium-containing phosphate binders could have been because of less hypocalcemia and, consequently, fewer arrhythmias in this group, but such a hypothesis would have to be tested in prospective trials. We detected no interactions with calcitriol use in any of the studied models. Calcitriol use was also associated with significantly better survival (40) , and the application of calcitriol could have confounded our results on the basis of its known effects on calcium homeostasis. The observed associations between calcium and outcomes were, however, independent of calcitriol, which may have been because of the low doses of this medication that were universally applied in this cohort (40) .
Our study should be qualified for several potential limitations. Its historical and observational nature only allows us to establish associations but not causality. Our study was limited to male patients from a single institution; hence, our results may not apply to the larger population with NDD CKD. The retrospective nature of our study could have resulted in unequal numbers of calcium levels included in the time-varying and time-averaged models, which could have biased the findings of these models. The results of the various statistical models are, however, physiologically plausible, which makes it less likely that differences between them are purely a result of bias. Time-varying models could be affected by the impact of acute illnesses and associated malnutrition, which could independently affect both serum calcium levels and outcomes. We addressed this by excluding data collected during hospitalizations and by adjusting for time-varying markers of proteinenergy wasting (serum albumin, WBC count, percentage of lymphocytes), but the effect of residual confounding cannot be ruled out. The enrollment of patients over an extended period of time makes it possible that secular trends in medical prac- tices could have affected outcomes on the basis of the time of enrollment. To address this, we adjusted for time of enrollment and examined more contemporary patients separately, and we found no differences in outcomes. We hypothesized that associations between lower and higher calcium levels and mortality are related to cardiovascular events, but we did not have causespecific mortality available for analyses to test this hypothesis. We only had data on PTH levels in a subgroup of patients; hence, we could not account for the confounding effects of it in the entire population, but we were able to use instead serum ALP as a marker of increased bone formation and an independent risk factor of mortality in maintenance hemodialysis patients (41, 42) . Furthermore, adjustment for PTH in sensitivity analyses did not change the results.
Conclusions
Chronic hypercalcemia and acute hypocalcemia are both associated with increased mortality in male patients with moderate and advanced NDD CKD. Thus, maintaining normal serum calcium levels may be beneficial in this patient population, but prospective studies will be needed to determine what the target range for serum calcium should be and how such a target should be achieved to derive the best therapeutic poten-tial. Therapeutic regimens inducing either hypercalcemia or hypocalcemia should be assessed for any potentially deleterious effects in properly designed clinical trials. 
